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CHAPTER I
INTRODUCTION
Many investigators have done work on the respiration of plant
tissues, animal tissues and on the eggs of vertebrates and invertebrates.
There has also been much work on the effects of different inhibitors
on the respiration of different tissues. Through the actions of
inhibitors many writers were able to postulate the ways by which the
respiratory mechanism of different tissues is affected.
It is the purpose of this research to measure the respiration of
two developmental stages of the eggs of Salmp fario, the brown trout,
and to study the inhibitory effects of different concentrations of sodium
azide and sodium cyanide upon the respiratory mechanism of the eggs of
this animal.
The results of these experiments indicated that eggs in the circula
tion stage of development consume more oxygen than eggs in the optic
vesicle stage of development. In experiments with inhibitors, the effects
of cyanide on respiration are much greater than the effects of azide.
REVIEW OP LITERATURE
Loeb (1895) found that when immature starfish eggs were placed in
sea water maturation took place. Later ('15) he found that this nuclear
activity was also reversibly inhibited either by oxygen lack or by
potassium cyanide. These facts led to the conclusion that oxygen utili
zation was necessary for nuclear activiry, cell division and development.
Warburg ('08) was the first to prove directly that the oxygen
consumption rate of the sea urchin egg increases greatly after fertiliza
tion. He found that the inorease in Arbacia eggs, within the first hour
after fertilization, was Bix or sevenfold. He found that hypertonic
solutions increased the rate of oxygen consumption by unfertilized sea
urchin egg toward or to the rate of fertilized eggs.
Scott and Kellicott ('17) in their experiments on Fundulus heterQ*-
clitus found that the amount of oxygen consumed and the relative rates of
its consumption during different phases of development do not vary
materially. During the early stages of development - cleavage, embryo-
formation - the hourly consumption of oxygen was less than 0.10 c.c. per
thousand eggs. A marked rise in the rate occurred at the time the circu
lation is established, after which it remained practically constant,
though with an upward trend, until shortly before the time of hatching.
Hymen ('21) also found that oxygen consumption in Fundulus remained
about the same throughout early cleavage although a slight rise occurred.
She stated that by the time that the blastoderm had spread one-third or
half way over the yolk a marked rise in the rate of oxygen uptake occurred.
From this point, through the establishment of the embryo, the rate remained
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about the same or fell again. Thus the formation of the embryo was not a
period of increase in the rate of the oxygen uptake but rather, the time
of high respiratory activity was that period when the germ ring approaohed
the equator of the egg. However, after the heart began to beat the
oxygen consumption increased again. She, therefore, concluded that the
rate of oxygen consumption in the development of Fundulus was highest at
the time when the germ ring x*as in the neighborhood of the equator.
Gray ('2J) in his work on trout found that in the growing trout embryos
the rate of oxygen consumption was proportional to the wet weight of the
living embryo. The change in the rate of oxygen consumption at fertili
zation, in those eggs in which the change was great, can be explained only
by assuming a change in the arrangement or condition of the substances in
the egg.
Melvin ('28), in his experiments on insect eggs, used different
temperatures in order to find what effect temperatures had on the oxygen
consumption of the egg. The temperatures used were 28°0 and 54°0. The
results secured showed that at 54°O the oxygen consumption was very
pronounced as compared to 28°0. However, he found that during the early
part of the incubation period temperature had very little stimulation on
the oxygen consumption but aB the incubation period progressed its effects
became pronounced. These experiments indicated that during early embryonic
development there was a formative period during which metabolic activity
was comparatively low and only influenced slightly by environmental
changes.
Boyd ('28), in experiments on unfertilized and fertilized Fundulus
eggs, found that fertilized eggs consumed more oxygen than the unfertilized
egga. She also found that the rate of oxygen consumption was most rapid
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during the first two hours following fertilization. This is indicative
of some oxidative process occurring within the egg for which an increased
oxygen intake is a necessity. It vfas later found that the increased rate
of oxidation occurred at a time before and during the appearance of the
groove in the surface of the blastodisc which initiates the first cleavage.
The subsequent cleavages, however, evidently did not require such a marked
rate of oxygen uptake.
Whitaker ('52) found that unfertilized eggs of chaetopterus consumed
more oxygen than the fertilized eggs because in the first hour after
fertilization, the fertilized eggs consumed oxygen about 55 to 5^ Per cent
of this rate, however, after 6 hours the rate of oxygen consumption rose
rapidly. However, the unfertilized eggs of Arbacia punctulata consumed
less oxygen than the fertilized eggs and it was found that one hour after,"
fertilisation the rate wa3 already rising.
In a later work, Whitaker (*52) stated that the comparatively high
rates of oxygen consumption by unfertilized eggs of chaetopterus were not
associated with nuclear activity or morphological activity of the cell
since they continued at a high rate for hours after cessation of the
brief initial nuclear activity, which took place when the eggs were placed
in sea water. It was concluded that increase in the rate of oxygen
consumption was not directly related to the initiation of development.
This conclusion, that the rate of oxygen consumption v/as not necessarily
nor ordinarily the limiting factor In inhibition of the unfertilized egg,
and conversely that the increase in the rate of oxygen consumption was
not usually the essential feature of fertilization, is quite in agreement
with the general relations between the rate of oxygen consumption on the
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one hand and anesthesia, growth, and development on the other in fertilized
eggs and other organisms.
Warburg ('21) found that a suspension of blood charcoal in water was
capable of oxidizing, by means of molecular oxygen, many substances
especially oxalic acid and certain amino-aeids. When narcotics and cyanide
were used for the purpose of inhibiting respiration, it was found that
narcotics displaced the amino-acids from the surface of the charcoal, and
since the inhibition of the oxidation and the degree of displacement corre
spond, the inhibition of the oxidation must have been caused by this
displacement. Oyanide, on the other hand, at low concentration inhibited
the charcoal respiration without displacing the amino-acid from the
surface. However, on higher concentration amino-acids were displaced to
a lesser extent than that of the narcotics. In subsequent experimsnts,
in which nitrogen and iron were used, Warburg concluded that the charcoal
model containing iron bound to nitrogen produced a biological oxidation
like that of the oxidative de-ataination of amino-acids, an oxidation
which is reversibly inhibited by narcotics and irreversibly and specifi
cally inhibited by cyanide. Thus, Warburg concluded that the catalytic
power of the charcoal was due to the presence of iron.
Warburg ('24) in his experiments with molecular oxygen on aerobic
cells found that respiration was exclusively connected with divalent iron
combined in a complex. Iron of a higher valency was thereby formed, and
this was reduced again to the divalent state by organic substances. As
a result of these experiments, it was concluded that in this valency
change the oxygen for the cell respiration was transported. When carbon
monoxide and cyanide were used as inhibitors, it was found that carbon
monoxide combined with the divalent iron while the cyanide combined with
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the trivalent iron.
In later experiments, Warburg ('28) worked with several haeme models
which he associated with the oxygen transporting enzyme. In these experi
ments carbon monoxide formed addition compounds with many iron compounds
related to haematin and these compounde were dissociated by light. In
experiments on yeast carbon monoxide also inhibited respiration but this
inhibition was entirely abolished by light. He made use of the effect of
light to determine the spectrum of the carbon monoxide of the respiratory
enzyme. By determining the effectiveness of light of different wave
lengths in restoring the respiration inhibited by carbon monoxide, he was
able to obtain a curve showing how the effectiveness varied with the wave
length. This curve closely resembled the spectrum of the carbon monoxide '
haemochroaogen. This was the main reason for believing that the respira- _
tory enzyme was a derivative of haematin. Thus, Warburg believes that
all oxidations are catalyzed by this iron compound.
Keilin ('25) introduced the term cytochrome and demonstrated by
means of spectroeeopic observations that it existed in most living cells.
He found that cytochrome can be oxidized and reduced under suitable condi
tions. In experiments in which a weak solution of KGH was added to a
suspension of yeast, it was found that the cytoehrorae remained completely
reduced no matter ho%? actively this suspension was shaken with oxygen and
continued to show the characteristic bonds of reduced cytoohrome.
However, a concentration of M/10,000 KCN stopped the oxidation of cyto
chrome. If a drop of KOH was added to a suspension of yeast, which had
been previously oxidized by a current of air, the cytochrome became
immediately reduced, just as if the cyanide were acting as a powerful
reducing agent. However, cyanide did not act as a reducer but inhibited
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the oxidation of the cytochrome without affecting the reactions which
caused the reduction of the pigment. He concluded that cytochrome was
auto-oxidizable, that is, it was able to transfer oxygen in respiration.
Later, Keilin found that cyanide inhibited the oxidation of cytochrome
by its reaction vfith the oxygen transporting enzyme.
In further experiments Keilin (f28) found that carbon monoxide com-
bined with the indophenol oxidase of yeast and formed an inactive compound
incapable of oxidizing the paraphenylene diamine reagents. In these
experiments, indophenoj. oxidase played an essential role in normal respi
ratory activity of the cells, and this oxidase was considered to be
similar to the respiratory ferment of Warburg. Keilin considered only
indophenoj oxidase due to the fact that the respiratory enzyme of Warburg
was too wide, in that, it was thought by Warburg to have been the only
ferment taking part in the raspiratory mechanism of the cell. However,
according to Keilin the oxidase was only a link in the chain of the respi
ratory mechanism, in which several other ferments and systems were
involved and intimately inter-connected. He also found that the systems
responsible for the reduction of cytochrome in the tissue were dehydro-
genases while the catalyst responsible for the oxidation of atmospheric
oxygen was identical to the indophenol oxidase which is widely distributed
in animal tissues and yeast. In subsequent experiments it was found that
dehydrogenases were not inhibited by cyanide. Further, by washing the
tissues with water, the dehydrogenases became inoperative because their
substrates were removed and waphing prevented the reduction of cytochrome.
However, if a small amount of suocinate were added the cytochrome became
reduced in aboutl^ seconds, due to the activity of the succinic acid
dehydrogenase. This reduction was in opposition to the oxidizing action
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of the indophenol oxidase, and if this were abolished by the action of a
little cyanide before the succinate was added, the reduction of cytoehrome
wag instantaneous. Therefore, in the absence of cyanide a continuous
reduction of the cytoehrome by the dehydrogenase and oxidation by the
oxidase must have been going on which resulted in a continuous uptake of
oxygen and oxidation of the succinate. Keilin concluded that all factors
which inhibited the activity of oxidase affect in the same way the oxygen
uptake of the cells, which showed that the indophenol oxidase played an
important part in cellular respiration*
Runnstrom ('50,'J2) and Orstrom ('52) studied the influence of dime-
thylparaphenylene diamine on Paracentrotus eggs. This compound penetra^d
the eggs and caused an increase of respiration in fertilized and unferti
lised eggs. The respiration of the eggs in the diamine solution was
inhibited by cyanide and carbon monoxide. They found that the degree of
inhibition by cyanide was the same in the unfertilized and fertilized
diamine eggs. The degree of inhibition by carbon monoxide was dependent
on the rate of reduction of the iron-containing enzyme of Warburg.
Further, it was inferred that this enzyme was also present in the unferti
lized egg in a reactive state, but the rate of oxidation was limited by
a block in the chain of "carriers" (Keilin, '28) which connected the
iron-containing enzyme and the substrate-dehydrase system.
Bodine and Walkin ('54) studied the iron content and oxidation rates
of the developing eggs of the grasshopper. They found that during develop
ment oxygen consumption was relatively high, while during diapause, or
developmental block, cellular oxidations were at a relatively constant
low basal rate. They found that there was no significant difference in
the iron content of the whole egg during the entire course of development.
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During diapause metabolic activity was extremely low as compared with the
noil-diapause conditions. The iron concentration of the embryo remained
constant during the entire diapause period and increased only when the
block to development was removed and normal activity or growth was again
resumed. They concluded that if iron, according to Warburg, functioned
as catalyst in cell oxidation, then a marked difference in iron concentra
tion in comparable morphological stages that exihibited varying degrees
of respiration would be expected. But since it has been found that the
iron concentration remains relatively constant for diapause and non-
diapause embryos of the same morphological stages, it was reasonable to
assume that differences in degrees of concentration of iron existed in
the two cases. Thus, Bodine and Walkin stated that the rate of respira
tion of diapause and non-diapause eggs was not a function of their iron
content, since similar iron concentrations for comparable morphological
stages of both types of eggs gave widely different respiration rates.
Runnstrom ('55) in. experiments on unfertilized and fertilised
arbacia eggs, in which pyocyanine and potassium cyanide were used, found
that pyocyanine increased the respiration in both fertilized and unferti
lized eggs. He found that there was an increase in the oxygen consump
tion on addition of HON to unfertilized eggs in pyocyanine. On the other
hand, the respiration of the fertilized pyocyanine eggs was decreased by
the addition of hydrogen cyanide. He also found that under anaerobic
conditions the eggs were seen to stop development but when restored to
aerobic conditions the development started again. This suggested that
respiration was coupled to processes in the cell necessary for the divi
sion. Furthermore, it was apparent that the reversible oxidation-
reduction systems which acted as "carriers11, (Keilin, !28) brought about
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the coupling between respiration and other processes in the cell. He con
cluded that pyocyanine was auto-oxidized in the sea urchin egg. Although
pyocyanine was oxidized by the iron-containing enzyme it was not involved
in the oxidation induced by pyocyanine. He also concluded that in the
fertilized egg the part of the respiration due to the addition of pyo
cyanine was not inhibited by cyanide. Therefore, in the fertilized eggs
with the pyocyanine there are two auto-oxidfeable systems, the iron-contain
ing enzyme and pyocyanine. This may account for the higher level of
respiration observed in the fertilized as compared with the unfertilized
eggs.
Korr ('57) worked with unfertilized and fertilized sea urchin eggs.
In these experiments, he used different concentration of a hydrogen
carrier, pyocyanine, potassium cyanide and different temperatures. The
results that he obtained show that cyanide, at 12°0 was less effective
than cyanide at 28°C. At 28°0.hydrogen cyanide abolished about two-thirds
of the total respiration, while at 12°C cyanide abolished only one-third
of the total respiration. Korr concluded, in regard to temperature
coeficients, that there was no difference, per se, between respiration
through a non-ferrous carrier and respiration through the cytochrome-
oxidase system. He, further, stated that the unfertilized egg respired
through a non-ferrous, auto-oxidizable carrier, and that upon fertiliza
tion functional connection is established between dehydrogenase substrates
and the cyanide sensitive indophenol oxidase by having had cytochrome
added to the circulation.
Stannard ('59), through experiments with frog muscle, showed that
when sodium azide was used as a respiratory inhibitor the oxygen consump
tion of resting isolated frog muscle was relatively insensitive to this
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poison. That is, there was no inhibition by azide in resting condition
of muscle when the pH was acid. Further, azide produced a contracture
accompained by increased lactic acid production and at the same time pre -
vented oxidation of the lactate produced, the amount of this inhibition
was dependent upon the concentration. As the concentration increased,
the contracture and dependent lactate formation were completely prevented.
He also found that on chemical stimulation with KC1, the azide prevented
the increase in oxygen consumption. On the other hand, on electrical
stimulation there was no increase in oxygen consumption when azide was
added. Therefore, it became apparent that the most likely action in
muscle would be a Warburg - Keilin oxygen transfer system. However, when
auto-oxidizable dyes such as methylene blue and pyocyanine were used, he
found that in the former, a large increase in respiration of muscle due
to the presence of methylene blue was not inhibited appreciably by azide.
In the latter, the initial effect of azide was a lexge increase in the
rate of respiration followed by inhibition. He concluded that these
results were consistent with the idea that this poiion prevented the extra-
oxygen consumption associated with activity by inhibiting the Warburg -
Keilin transporting system.
In experiments on the frequency of the embryonic fish heart at dif
ferent concentrations of cyanide, Fisher and Ohnell ('4o) were of the
opinion that the participation of the Atmungsferaent in the processes
concerned with the activity of the pacemaker is necessary for the main
tenance of the normal frequency. They postulated that the heart beat
frequency was proportional to the concentration of some enzyme whose
activity was lost upon combination with cyanide. Either the heart rate
was directly proportional to the rate of oxygen consumption, or the oxygen
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consumption depended upon the concentration of an enzyme whose complex
with cyanide was catalytically inert. They concluded that the range of
cyanide concentration which was effective in lowering the frequency of the
heart, left little doubt that the underlying mechanism of this inhibition
was the same as that which operated when the inhibition affected oxygen
consumption. In other words the rate of the heart cannot be maintained
if the inter-cellular oxygen transporting system of the pacemaking cells
was interfered with to the extent of partial or complete elimnation of
some such cyanide sensitive system as that of the Warburg - Keilin one.
Furthermore, that portion of the frequency of the heart beat which was
cyanide sensitive was considered directly proportional to the amount of
catalyst uncombined with cyanide. Such a direct proportionality would be
expected between the amount of free enzyme and the rate of oxygen consump
tion in the pacemaking cell. It can be inferred, therefore, that this
part of the frequency was directly proportional to the fraction of the
normal oxygen transporting system which was due to pass through the Warburg-
Keilin system in the presence of cyanide.
Armstrong and Fisher ('Ao) while also working with the beat of the
embryonic fish heart found that azide inhibited the frequency of fish heart
but the extent to which the frequency was inhibited was less than that of
cyanide. In their experiments on salmon with azide and cyanide, they
found that with different concentrations of azide there was a fall in the
frequency but the time for this decrease was dependent on the concentra
tion. They observed no stoppage of the heart and therefore, concluded
that there was a portion of the frequency which wa3 azide stable.
However, when fundulus was used in experiments there was also a gradual
fall in the heart frequency when azide was used but the inhibition level
at a constant total azide concentration depended upon the pH of the azide
solution. This suggested that the degree of inhibition was determined not
by the total azide concentration but by the concentration of free acid.
Moreover, the effect of pH in the case of inhibition of azide was then
not a property of the enzyme system concerned but rather of the cell mem
brane enclosing the enzyme system which was penetrated by the free acid.
Krahl, et. al. ('4o) found that the eggs of Arbacia punctulata con
tain an enzyme capable of oxidizing reduced cytochrome "c". The amount
of the enzyme is more than sufficient to account for the highest rate of
oxygen utilization yet observed in the intact, living fertilized eggs.
This enzyme was found to be in equal amounts in both fertilized and unfer
tilized eggs. The enzyme, when acting with the cytochrome "c" as sub
strate, was completely inhibited by cyanide or azide, just as was the cell
division of the fertilized Arbacia egg. In contrast, the respiration of
the fertilized egg can be inhibited to a maximum of only about 80 per cent
by cyanide and only about 50 Per ceixt ^y azicL©» In the light of these
conclusions, it appeared that the action of cyanide in inhibiting cell
respiration may be interpreted on the hypothesis that the cyanide formed,
with the iron-porphyrin of the cytochrome oxidase, a complex having a
potential lower than that of the original oxidase. It is possible that
the inhibitors, cyanide, azide, carbon monoxide, and possibly sulfide,
changed the state of intercellular binding of the iron-porphyrin which
initially functioned as a part of the enzyme acting as a terminal link at
the oxygen and of the respiratory chain. As a result of the change the
potential of the iron-porphyrin in its new linkage was lower than that in
the untreated cell.
Cyanide was generally considered to inhibit principally by combining
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with the oxidized Atmungsferment in a manner independent of oxygen ten
sions. It now seemed clear, however, that cyanide inhibited other enzymes
in the respiration chain (Stannard '59). Winzler ('45) showed that since
the cytochrome system became reduced in the presence of small amounts of
cyanide, cysixide must have inhibited the reduction of the Atmungsferment,
and the other the pace setting reaction in oxygen consumption. In other
words the cyanide combined with the reduced Atmungsferment at a point other
than that at which oxygen united, but in a manner which altered the oxygen
dissociation constant. In these experiments with cyanide there was
increased dependence of respiration upon oxygen concentrations while simi
lar experiments with sodium azide showed no such increased oxygen tension
dependence. Winzler, therefore, concluded that cyanide inhibited the
reactions which determined the normal maximum rate of respiration, azide,
however, did not attack this rate limiting link. Although, both azide
and cyanide combined with oxidized Atmungsferment, it eas evident that
azide was a more specific inhibitor of the Atmungsferment than cyanide.
Horecker and Stannard ('48) found that azide formed a well defined
complex with ferri-cytochrome "c". Further, in order to establish that
a true reversible equilibrium was reached when azide reacted with cyto
chrome "c", the effect of succinic dehydrogenase on the complex was studied.
At low concentrations of azide all of the cytochrome "c" was completely
reduced, despite the fact that 40 per cent of the oxidized cytochrome was
combined with azide. However, at concentrations high enough to bring
about complete formation of the complex the dehydrogenase was inhibited
as well, so that no reduction tras observed.
Although azide did not produce any change in the absorption spectrum
of ferri-cytochrome "c", it was found to accelerate the auto-oxidation of
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this substance. This effect on the rate of auto-oxidation was suggestive
of the formation of an azide-ferri-cytochrome "c" complex with a decreased
oxidation-reduction potential, but was subsequently concluded to be due to
the catalytic action of an iron-azide complex formed from traces of in
organic iron. They also found that cyanide formed a stable complex with
ferri-cytochrome "c" while, on the other hand, azide was much less stable.
Horecker and Stannard concluded that the effect of aside on oxidation of
ferri-cytochrome suggested the possibility of a similar catalysis occuring
in studies of azide inhibition of respiration.
CHAPTER II
MATERIALS AM) METHODS
Eggs of Salmo fario (brown trout) used in this experiment were
secured from the United States Fish and Wildlife Service, Walhalla, South
Garolina. This trout spawns in the fall of the year during the months of
October and November. The length of the period of development of the
trout is between 50 and 60 days, which is dependent upon the temperature*
Trout develop normally at 55°F. The eggs used in the experiment were of
two developmental stages. One group of eggs was in the optic vesicle stage,
25 to 50 days of age; and the other group of eggs v/as in the heart-beat and
complete circulation stage, kO to 4^ days of age. The eggs were kept in
finger-bowtls in fresh water which was also secured from Walhalla, S. 0.
and from a pond in Atlanta, Georgia. The water in the finger-bowls was
changed twice a day so that the eggs would have a good supply of oxygen.
Since the experiments were performed on two developmental stages, it was
necessary to arrest the development of the two stages by keeping the eggs
in a refrigerator at temperatures between 4o°F and 42°F.
THE APPARATUS
The apparatus used in the experiment was the Warburg Constant Volume
Respirometer. The essential principle involved in the Warburg apparatus
is that if, at constant temperaturs, the volume of the gas is held con
stant, any change in the amount of gas can be measured by changes in
pressure. The apparatus consists of a constant temperature bath, manometers
and flasks. The constant temperature bath (figure l) consists ofs a




holding- seven manometers; a heating unit for the purpose of keeping the
temperature of the bath constant; a stirring apparatus which is for the
purpose of keeping the water throughout the bath at a uniform temperature;
and a thermometer.
The Warburg manometer (figure 2) consists of a U-tube which is gradu
ated in millimeters. This tube is provided with a rubber reservoir and
a screwelamp by which the level of the liquid in the tube can be adjusted.
One end of the U-tube is open to air, and the other end carries a tube to
which a flask can be attached by means of a ground joint. The latter end
of the manometer consists also of a tap which can be opened to the air.
The lower end of th© instrument is provided with a slide by which it can
be attached to the shaking apparatus, which is so arranged that when the
manometer is in position the vessel is completely immersed in the water
bath.
The flask (figure 5) consists of a sidearm with a stopper, a center
well into vrtiich alkali is placed and a mouth which is ground for the
purpose of attachment with the ground joint of the manometer.
The principle of the manometer is as follows: a given point on the
closed side of the manometer is chosen, and the liquid in the closed ana
of the manometer is always adjusted to this point before recording the
pressure changes. Only the level in the open arm is read, and the reading
of the apparatus, which is the difference of pressure between the interior
of the vessel and the outer air, is obtained by substracting the chosen
point from the reading of the open ana.
The Brodie's solution which was used in the rubber reservoir was
composed of the following:
25 grams of sodium chloride
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5 grams of sodium choleate
500 c.c. df water
The solution was colored by Evan's blue. The density of the Brodie's
solution was l.OJO.
The derivation of the flask constant is very necessary when mano-
metric methods are being used in an experiment. By finding the flask
constant, it is possible to record all quantities of gas evolved or ab
sorbed. The readings of the manometer are considered positive when gas
is evolved and negative when a gas is absorbed. In this experiment all
volumes are expressed in cubic millimeters, all manometric readings in
millimeters and all pressures in millimeters of the liquid used in the
manometer, and all quantities of gas at 0°0 and ~j60 mm. pressure.
The flask constant,
Po
as derived by Dixon ('5^) and Umbreit, Burris and Stauffer ('46), can be
understood by an explanation of its terms.
x = cubic milliliters of gas at 0°0 and 7^0mm. pressure.
h s the observed change in the manometer (open limb) reading in mm.
Vf« volume of fluid in vessel.
VgS volume of gas phase in flask, including connecting tubes
down to the zero point on the closed end of the manometer.
Po* the normal pressure, 760 x density of mercury/density of
manometric fluid,
T « the absolute temperature of the water-bath.
<s solubility of gas involved in liquid in vessel, expressed as
milliliters of gas per millimeter of liquid when the gas is
IP
at a pressure of one atmosphere at the temperature T.
If a given gas with any given manometer, provided the liquid volume
and terperature remain the same, then, the expression,
Po
remains constant. If its value is known it is necessary only to multiply
the reading by it. The amount of gas absorbed in cubic miCLimeter at 0°C
and 76*0mm. pressure can be obtained immediately*
In this experiment the "Direct Method" of Warburg was used. In this
method the carbon dioxide is absorbed by alkali, so that the observed
change in the amount of gas in the flask gives the oxygen consumption
directly. The flask (figure 5) used in this experiment contains a small
tube attached to the bottom of the flask which is for the reception of
alkali.
The next step in the direct method was the filling of the apparatus
with oxygen. This was done by attaching the rubber tube from the oxygen
tank to the open and of the manometer and the oxygen passed through the
tap into the flask, escaping through the outlet provided above the side
arm in the flask. After two or three minutes the current of oxygen was
stopped and the entire manometer and flask were closed.
The medium for the experiment was according to Rugh ('4l), in which
the following materials were used:
Sodium Chloride - 1.0 grams
Potassium Chloride - 0.05 grams
Calcium Chloride - 0.05 grams
Magnesium Sulfate -0,08 grams
Distilled Water - to 1.0 liter.
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Different concentrations of sodium azide, 11/16J, Vl/JOO, M/500, along
with different concentrations of sodium cyanide, M/1000, M/l^OO, M/2000,
were used as inhibitors. The pH was kept at 6.8 £ .2 by adding 1M sodium
phosphate. The hydrogen ion concentrations of the entire experiments
were determined by the Beckman pH apparatus. The alkali used in the ex
periment was a 10 per cent solution of potassium hydroxide.
The volume of the medium used in the flask was kept constant at 5«2
ml. In determinations without azide or cyanide the volume of the medium
was 4.2 ml. - 4 ml. of Ringer's solution and 0.2 ml. of KOH - while the
volume of eggs was 1 ml. Due to the size of the eggs the number of eggs
used in each flask ranged from ten to twelve. However, when azide or
cyanide were used, 2 ml. of Ringer's solution, 2 ml. of poison and 0.2 ml,
of 10 per cent KOH, along with 1 ml. of eggs, were used. The temperature
throughout the experiments was kept constant at 55 0. The number of
determinations made in the experiment was forty, excluding the trial deter
minations.
The whole experimental procedure for the determinations of the respira
tion of eggs by the "direct method" may be summarised as follows. The
correct amount of medium was first placed in the flask. The volume of eggs
was next measured by adding a number of eggs to a known volume of Ringer's
solution until the volume of the solution end eggs had increased by 1 ml.
The eggs were than removed from the solution to the flasks. A measured
amount of alkali was next placed in the center well of the flask by means
of a pipette, care was taken that no trace of alkali ran into the flask
proper. The flasks were attached to the manometers, after ample stop
cock grease had been placed on the ground end of the manometer and side arm
of the flasks, and were secured by springs. The apparatus was next filled
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with oxygen and placed in the thermostat. The apparatus was then shakem
in the thermostat until the temperature of the flask and contents had risen
to that of the bath. The time required for this equilibration period was
ten to fifteen minutes. At the end of the equilibration period the taps
were closed and readings were taken at ten minutes intervals for one hour,
the apparatus was shaken the vrhole time. At the end of the determinations
the taps were opened, the respirometer removed from the thermostat and if
eggs were not subjected to poison, they were carefully removed from the
flasks and were used in later experiments; but if the eggs were subjected
to the poison, they were placed fresh water, in order to determine whether
or not the eggs were still alive, and were later discarded.
As much grease as possible was then removed from the flask with a
cloth. They were then washed vfith tap water and placed from thirty minutes
to twelve hours in sulfuric-bichromate cleaning mixture (Umbreit, et. al.,
•45) after which the flasks were washed with tap water and drained.
The oxygen uptake itfas in terms of cubic millimeters.
CHAPTER III
EXPERIMENTAL RESULTS
In the experiment the temperature used, 55°°f waB n°k normal tempera
ture at which trout eggs develop. The normal developing temperature of
trout eggs is 12.8 0. However, the temperature used in this experiment
did not prove detrimental when eggs were subjected to such a degree for
an hour and twenty minutes.
It was found that the eggs in the heart beat and complete circulation
stage consumed more oxygen than the eggs in the optic vesicle stage of
development. When sodium azide was used in concentrations of M/l67»M/5OO
and M/500, it was found that the percentage decrease in oxygen consump
tion of the eggs in the heart beat and complete circulation stage was
slightly larger than the oxygen consumption of the eggs in the optic
vesicle stage. A comparison of the percentage decrease in sodium azide
of M/l67t M/500 and ^/5°° concentrations revealed that there \ms a decrease
in the heart beat stage, 86$, 63% and 49$ respectively, which vras greater
than the optic vesicle stage which were 85$» 66% and 46$ respectively.
When sodium cyanide was used in concentrations of ^1000, 1^15°° 8n^i
M/2000, it was found that the percentage decrease in the oxygen consump
tion of the eggs in the heart beat and complete circulation stage was
similar to the oxygen consumption of the eggs in the optic vesicle stage.
A comparison of the two stages shows that the percentage decrease is the
following. For the optic vesicle stage, at concentrations of iVlOOO,
M/1500 and M/2000, the percentage decreases are 90.09$, 91.4$ and 91.1$
respectively. On the other hand, the percentage decreases, at the same
concentrations, are 91.6$, 90.7$ and 91.4$ respectively.
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The results show that in the case of the cyanide the concentrations
of cyanide up to 1^2000 have similar inhibitory effects due to the
similarity in the percentage decrease in the oxygen consumption of the
two developmental stages of trout eggs used.
CHAPTER IV
DISCUSSION
The results of this experiment, aa seen by Charts 1 and 2, graphs 1
and 2, reveal that the oxygen consumption of eggs in the heart beat and
complete circulation stage is greater than that for eggs in the optic
vesicle stage.
Scott and Kellicott ('16) were the first to find that there was a
marked rise in the rate of respiration at the time the circulation was
established. In addition they found that during the early stages of
development-cleavage, embryo-formation, etc. - the hourly consumption of
oxygen \iras less than 0.10 c.c. per thousand eggs.
Hyman ('21) agreed that there was an increase in oxygen consumption
when circulation was established, but she also found that oxygen consump
tion in the development of Pundulus was highest at the time when the germ
ring was in the neighborhood of the equator, early in the second day of
development.
In Charts 5 and 4 the results reveal that at cyanide concentrations
of M/1Q00, M/1500 and 1^/2000, the percentage decrease of oxygen consump
tion for both stages of developing trout eggs is p0 per cent.
The use of cyanide as an inhibitor stems back to the classical work
of Hyman ('19) in which she studied the effect of cyanide on planaria.
Hyman found that the oxygen consumption decreased in the presence of
cyanide. This decrease ranged from 80 to <?0 per cent in the highest
concentrations to 5 ~ 15 per cent in the lowest concentrations. In
general, the dilute solutions were more effective due to the fact that there
was little difference in the action of 1/1000, 1/2000 and 1/5000 mol
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solutions. In the highest concentrations the cyanide produced its effect
so rapidly that the respiration was decreased to its maximum extent at
the end of the first hour of exposure. In dilute solutions, however, more
time was required for the depression to reach its maximum value.
Korr ('57) in his experiments on arbacia found that KON,0.0002514,
was much less effective at lower temperatures than at higher temperatures.
In other words, at 20°0 KCN abolished more than two-thirds of the total
respiration, while at 12°0 the oxygen consumption was decreased by one-
third.
In the light of the results in this experiment, it is concluded that
there are found in the developing egg of the trout a cyanide-sensitive
fraction and a cyanide-insensitive fraction of the total maximum respira
tion. The cyanide-sensitive fraction of the two stages of trout eggs is
the same - 90 per cent - while the cyanide-insensitive fraction of the
two stages is the same - 10 per cent.
Bodine and Boell ('5^) in their experiments on the developing eggs
of Melanoplus found that 80 per cent of the respiratory mechanism of that
egg consisted of a cyanide-sensitive component, while the remaining 20
per cent vies made up of a cyanide-insensitive component.
Fisher and Ohnell ('4o) found that the maxiiaum inhibition of the
frequency of the embryonic fish heart beat amounted to a lowering to 28
per cent of the normal when 0,00111 cyanide was used. They also found that
if the concentrations of cyanide were made four times greater there was no
change in heart beat frequency. They concluded that the cyanide stable
portion of the frequency of the heart of Eundulus constituted about 28 per
cent of the normal, the remaining was considered as cyanide unstable.
Orstrom ('52), in his data on the effect of cyanide on the oxygen
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consumption of fertilized paraoentrotus eggs found that the cyanide stable
portion was 14 per cent of that of the normal.
The next major point in this discussion is the inhibition of respira
tion of the two developmental stages by sodium aside. In Charts 5 & 6,
and graphs 3, 4, and 5, it can be seen that the percentage decrease of
oxygen consumption of the eggs in the circulation stage is larger than the
percentage decrease in the eggs of the optic vesicle stage, (graphs 6, 7
and 8). Purhter, it is also apparent that the total maximum respiration
is separated into an azide-insensitive fraction and into an azide-sensi-
tive fraction. These results also reveal that at different concentrations
lower than M/l6"f, the azide-sensitive fraction of respiration becomes
smaller while the azide-insensitive fraction becomes larger.
Stannard ('59) in an attempt to substitute sodium azide for cyanide
as a respiratory inhibitor, found that the oxygen consumption of resting,
isolated frog muscle was relatively insensitive to this poison. On the
other hand the increment in respiration caused by stimulation of the mus
cle either electrically or chemically was markedly sensitive to azide.
Armstrong and Fisher (*4o) noted, in investigating the effect of
azide on ocygen consumption of salmon and Pundulus eggs, that in Pundulus
50 per cent of the normal frequency was azide stablej while in salmon
58 per cent was azide stable. In their experiments on salmon embryos,
which were subjected to azide solutions ranging in concentrations from
U/167 to M/200,000 at pH 7.10, they found that there was a fall in the
frequency of the heart beat to an inhibition level. The level and the
time taken to reach it depended upon the azide concentration. These inhi
bitions did not, however, result in a complete stoppage of the heart.
In other words, there was a portion of the frequency, at these con
centrations, which was azide stable. In later experiments they found
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that when the azide concentration aas kept constant and the pH varied, the
inhibition level was determined not by the total azide concentration but
by the concentration of free hydrozoic acid.
In the light of the results, it is apparent that there is an exygen-
transporting enzyme found in trout eggs which is inhibited by azide and
cyanide. Moreover, this oxygen-transporting enzyme is inhibited to a
greater extent by cyanide than by azide. On the other hand, the oxygen-
transporting enzyme of eggs in the heart beat and complete circulation
stage is more pronounced than it is in the optic vesicle stage, as seen
by the effects of azide on the two developmental stages (Charts 5 and 6).
Fisher and Ohnell ('4o), in their experiments on the frequency of
the heart beat of Pundulus, postulated that the heart beat frequency was
proportional to the concentration of some enzyme whose activity was lost
upon combination with cyanide. In other words, they postulated that the
heart rate was directly proportional to the rate of oxygen consumption
and, in turn, that the oxygen consumption depended upon the concentration
of an enzyme whose complex with cyanide was catalytically inert. They
concluded that the rate of the heart could not be maintained if the
inter-cellular oxygen-transporting system of the pacemaking cells was
interfered with to the extent of partial or complete elimination of some
such cyanide-sensitive respiratory system as the Warburg-Keilin one.
Korr ('57) found that the respiratory rates of fertilized and unfer
tilized eggs of the sea-urchin in solutions of pyocyanine were altered
by the addition of XCN. He concluded that the unfertilized eggs respired
through a non-ferrous, auto-oxidizable carrier, and that upon fertiliza
tion functional connection was made betvreen dehydrogenase substrates and
the cyanide-sensitive indophenol oxidase by the "throwing into circulation11
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of cytoehrome.
Stannard (*5P) in his experiments on the action of azide on frog
muscle concluded that the most likely action in muscle was on the Warburg-
Keilin oxygen transfer system. He Btated that when paraphenylene diamine
was used in the presence of azide, the azide caused a large but not com
plete inhibition of the oxidation of paraphenylene diamine. These results
were similar to those which would be expected if the azide x*ere acting
by inhibiting the cytoehrome "c" - cytochroine oxidase complex. He also
stated thet is auto-oxidizable dye3 such as methylene blue or pyocyanine
were used there would be a large increase in the respiration of muscle
due to the presence of methylene blue which was not inhibited appreciably
by azide. With pyocyanine the initial effect of azide was a large increase
in the rate of respiration followed by inhibition. He concluded that the
results obtained by either of the two cases were consistent with the idea
that this poison prevents the extra-oxygen consumption associated with
activity by inhibiting the Warburg-Keilin oxygen-transporting system.
The results of these experiments, to a certain degree, are in agree
ment with the above cited literature; in that sodium cyanide has a
greater effect upon the respiration of trout eggs than sodium azide and,
conversely, the cyanide stable portion of respiration is less than that
of the azide stable portion of respiration.
CHAPTER V
SUMMARY
I Different concentrations of sodium azide, M/l67» M/JOQ, and M/500,
and sodium cyanide, M/1000, M/1500, 1V2000, were used in the experi
ment*
II The eggs of Salrno fario, brown trout, consume more oxygen v/hen
circulation is established than is consumed when the egg is in the
optic vesicle stage of development.
III When different concentrations of cyanide were used, it was found that
the percentage decrease for two developmental stages, at all concen
trations was 90 per cent.
IV When different concentration of azide were used, it was found that
the percentage decrease for the circulation stage was slightly
greater than the percentage decrease for the optic vesicle stage.
The decrease was 86%, 68% and k$fa for the heart beat-complete cir
culation stage as compared with 85$, 66% and k6% for the optic
vesicle stage at 55°C«
V Sodium Cyanide has a greater effect upon the respiration of trout
eSSB than sodium azide and conversely, the cyanide stable portion is
less than that of the azide stable portion of respiration.
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B - Wires to electric switch
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D - Heating apparatus
E - Water outlet
F - Heating control unit
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